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Thermal Effects of Thin Igneous Intrusions on
Diagenetic Reactions in a Tertiary Basin of
Southwestern Washington

By Kenneth J. Esposito and Gene Whitney

ABSTRACT

Tertiary sedimentary rocks in the Puget Lowland of
southwestern Washington are intruded by thin igneous sills
that increase in both thickness and frequency toward the
Cascade Mountains. Shale, mudstone, and sandstone were
sampled from three drill cores: the core nearest the Cascades
contains four basaltic sills in a 244-m-thick (800 ft) section,
the second contains a single basaltic sill in a 457-m-thick
(1,500 ft) section, and the third contains no igneous sills.
Detailed clay-mineral analyses were performed to assess the
thermal influence of these igneous intrusions on illitization
and other clay-mineral reactions in the sedimentary rocks.

The extent of illitization is a function of temperature,
which depends on maximum burial depth and proximity to
intruded sills. In the two cores that contain intrusions, tem-
peratures resulting from burial to a depth of about 4 km and
a geothermal gradient of 35°C/km have produced interstrat-
ified illite-smectite with about 60-70 percent illite layers.
The abundance of illite in illite-smectite increases to about
75-95 percent immediately adjacent to sills. Furthermore,
the extent of the reaction (or percentage of illite layers in
illite-smectite) is proportional to the thickness of the sill. The
third core, which is farthest from the Cascade Range, con-
tains no sills and has never been deeply buried, and only
highly smectitic illite-smectite is present,

Modeling of the illitization reaction using conductive
heat-flow calculations and reaction kinetics confirms that the
extent of the illitization reaction as a result of heating by the
sills diminishes rapidly away from the sill contact. The intru-
sions affect the surrounding rocks to a distance roughly
equivalent to the thickness of the sill.

INTRODUCTION

Smectite converts to illite via mixed-layer illite-smec-
tite in both natural and experimental systems under the influ-
ence of increased temperature, and the proportion of
smectite layers decreases as the reaction progresses (Perry

and Hower, 1970; Eberl and Hower, 1976; Hower and
others, 1976; Boles and Franks, 1979; Pytte, 1982; Inoue and
Utada, 1983; Ramseyer and Boles, 1986; Buhmann, 1992;
Inoue and others, 1992; Velde and Vasseur, 1992; Whitney,
1992). In natural systems, the heat that drives the smectite to
illite reaction may come from burial, from circulating hydro-
thermal fluids, or from igneous bodies. For example, shale in
sedimentary basins exhibits a systematic decrease in the per-
centage of smectite layers in the mixed-layer illite-smectite
(illite-smectite) with increasing temperature during burial
(see, for example, Perry and Hower, 1970; Hower and oth-
ers, 1976; Boles and Franks, 1979; Velde and Vasseur,
1992). Similar clay-mineral reactions result from contact
metamorphism, manifested as a decrease in the expandabil-
ity of illite-smectite near igneous intrusions (Pytte, 1982;
Buhmann, 1992). It has been suggested that the illitization
reaction can be used as a low-temperature geothermometer
(Hoffman and Hower, 1979; Pollastro, 1993).

We investigated the effects of heat from intrusive rocks
on the illitization reaction by examining clay-mineral reac-
tions in sedimentary rocks near intrusions in a Tertiary basin
in southwestern Washington. Samples of intrusive and host
sedimentary rocks were obtained from three drill cores in
Lewis, Pierce, and King Counties, southwestern Washing-
ton, between the Cascade Range and the Puget Lowland. The
intrusive rocks are hosted by the fluvial-deltaic Puget Group,
which consists dominantly of sandstone and siltstone and
includes several thin beds of carbonaceous shale and coal.
Several intrusive sills provide the basis for determining the
extent to which the thermal maturity (increasing percentage
of illite in illite-smectite) of the clays is dependent on the
intercalated intrusions. Mineralogical and chemical charac-
terizations of the clay minerals were used to establish
illite-smectite composition as a function of distance from the
intrusions. Conductive heat-flow modeling of the intrusions
provided a heating profile in the country rock that was then
combined with published kinetic expressions for the illitiza-
tion reaction to determine the extent to which observed ther-
mal maturity patterns resulted from heating effects of the
thin intrusions.
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TECTONIC HISTORY

The geology of western Oregon and Washington exhib-
its the complex structural, lithological, and sedimentological
relationships characteristic of colliding plate boundaries.
During the Paleocene, low-angle subduction of the Kula and
Farallon oceanic plates under the westward-moving North
American plate (Ewing, 1980) created the Challis volcanic
arc system, which extended from Idaho to the Dakotas
(Nilsen and McKee, 1979). The configuration of this sub-
duction changed in the late Paleocene when basaltic rocks of
the Crescent Formation and the Siletz River Volcanics were
erupted as seamounts along the continental margin. The
Crescent Formation and the Siletz River Volcanics form the
basement of the Oregon and Washington Coast Range. Pub-
lished models for the origins of these rocks suggest that (1)
they formed in an intracontinental rift setting somewhat
analogous to the volcanism in the Andaman Sea and the Gulf
of California (Wells and others, 1984; Snavely, 1988; Bab-
cock and others, 1992) or (2) they formed on a spreading
center between the Kula and Farallon plates and were subse-
quently accreted to the continental margin by plugging of a
subduction zone that resulted in the initiation of a new sub-
duction zone to the west (Wells and others, 1984; Duncan
and Kulm, 1989). The intracontinental rift model predicts
that the eastern boundary of the rift province is a dextral
strike-slip fault, consistent with the observations of Johnson
(1984, 1985) and Johnson and Yount (1992) concerning the
structural and subsidence histories of sedimentary basins in
western Washington.

Pre-Tertiary metasedimentary rocks form the basement
of the Cascade block east of the Coast Range in southern
Washington. The structural boundary between the Cascade
and Coast Range provinces extends northward through the
southeastern Puget Lowland. This boundary is covered by
Oligocene and younger deposits but on the basis of geophys-
ical data (gravity, magnetics, magnetotellurics) (S.Y.
Johnson, oral commun., 1993) is inferred to be about 10-20
km (6.2-12.4 mi) west of the borehole sites examined in the
study. Eocene sedimentary basins east of this boundary were
characterized by rapid subsidence associated with transten-
sion and sedimentary fill as thick as 6,000 m (20,000 ft)
(Johnson, 1985; Johnson and Yount, 1992). The rocks of the
Puget Group examined for this study make up a part of this
thick sedimentary fill.

In the latest Eocene or early Oligocene, following a sig-
nificant tectonic transition along the continental margin, the
Cascade volcanic arc was initiated. Since that time, the
Cascade foothills and Coast Range province have occupied
part of the Cascade forearc basin. Since the Eocene, the
region has also experienced significant heterogeneous
(decreasing to the east) clockwise rotation (as much as 75°).
Several causes of rotation have been suggested (Wells and
Heller, 1988), including oblique subduction of the oceanic
plates against North America, block rotations between paral-
lel and subparallel transcurrent faults, and basin and range
extension.

THERMAL HISTORY

The thermal history of western Washington has been
inferred primarily from the distribution of indicators of ther-
mal maturity in the sedimentary rocks in the region. Mean
vitrinite reflectance of coal macerals is one of the primary
methods for estimating thermal maturity of sedimentary
rocks that contain organic matter (Waples, 1985). Coals in
the Puget Lowland of Washington are mostly lignite and
subbituminous, but coal rank increases eastward toward the
Cascades, where coals are low-volatile bituminous or anthra-
cite (Walsh and Lingley, 1991) (fig. 1). Walsh and Lingley
(1991) related the regional increase in coal rank toward the
Cascades to the elevated heat flow associated with late Oli-
gocene to middle Miocene intrusive activity in the Cascade
arc. They suggested that this elevated heat flow affected coal
rank for a distance of several kilometers. In addition to heat-
ing from burial and nearby intrusions, other areas in the
Pacific Northwest also show local evidence for convective
heating by hydrothermal fluids (Summer and Verosub,
1989). Unfortunately, coal beds are not distributed with suf-
ficient regularity or frequency to map heat flow in any
greater detail than at a regional scale.

STRATIGRAPHY

Our research focused on the thermal effects of igneous
intrusions on the sedimentary rocks of the Puget Group.
Because of the complex geology, formation names change in
different geographic areas, and a simplified stratigraphic sec-
tion of local Tertiary formations is represented in figure 2.

The geology in the study area, was first described in
detail by Fisher (1957, 1961). The sedimentary rocks in the
area are lithologically similar to the Puget Group to the north
in the Black Diamond area where isotopic and paleontologic
dates and stratigraphic relationships indicate a middle to late
Eocene age (Vine, 1962; Turner and others, 1983; Frizzell
and others, 1984). The Puget Group consists of predomi-
nantly feldspathic sandstone and siltstone and lesser
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Figure 2. Simplified Tertiary stratigraphy in
the Puget Lowland in the Seattle and Carbon
River areas. Modified from Armentrout and
others (1983).

amounts of carbonaceous shale and coal. It was deposited in
a variety of fluvial-deltaic environments including prodelta,
delta front, interdistributary bay, swamp, fluvial distributary
channel, natural levee, and braided stream (Buckovic, 1979;
Evans, 1989). Igneous dikes, sills, and flows of varying com-
positions and thicknesses are present in the sedimentary

sequence (Fisher, 1961). The Puget Group includes several
formations, including the Carbonado and Spiketon Forma-
tions (Armentrout and others, 1983). Rocks from the two
southern cores of this study (fig. 1) are probably part of the
Carbonado Formation, whereas the northern core contains
undifferentiated upper Puget Group rocks correlative with
the Spiketon and Skookumchuck Formations (S.Y. Johnson,
oral commun., 1993).

PREVIOUS WORK ON THE ILLITIZATION
REACTION

The illitization reaction, in which smectite is converted
to illite via an intermediate mixed-layer illite-smectite, has
been observed and studied in burial diagenetic settings
(Perry and Hower, 1970; Hower and others, 1976; Boles and
Franks, 1979; Velde and Vasseur, 1992), in contact meta-
morphic environments (Pytte, 1982; Ramseyer and Boles,
1986; Buhmann, 1992), and during hydrothermal fluid
migration (Inoue and Utada, 1983; Inoue and others, 1992).
It has also been studied experimentally (Eberl and Hower,
1976; Whitney and Northrop, 1988; Huang, 1992; Whitney,
1992; Whitney and Velde, 1993) to provide a better under-
standing of the reaction mechanism and processes in natural
systems.

The basic reaction of smectite to illite can be written:
Smectite+AB++K+=Illite+Si4*.

The exact mechanism of the reaction from smectite to
illite is poorly understood and has been the subject of consid-
erable research. Several mechanisms have been proposed
including a solid-state reaction (Hower and others, 1976),
neoformation and crystal growth (Nadeau and others, 1985;
Yau and others, 1987; Inoue and others, 1988; Eber] and oth-
ers, 1990), interlayer dissolution (Altaner, 1989), and smec-
tite cannibalization (Boles and Franks, 1979).

In the solid-state reaction model, phyllosilicate layers
remain intact (do not completely dissolve) as ionic substitu-
tions within the low-charge smectite layers produce
high-charge illite layers (Weaver and Beck, 1971; Hower
and others, 1976). The layer charge is built by ionic substitu-
tion of aluminum for silicon in the tetrahedral sheet and (or)
magnesium for aluminum in the octahedral sheet. As the
negative charge on the layers increases, electrical balance is
maintained by the addition of interlayer potassium ions.
When the layer charge increases to about 0.7 equivalents per
0,0(OH),, water is driven off and the interlayer potassium
becomes fixed, transforming a smectite layer to an illite
layer. In the solid-state model, ions are supplied by the dis-
solution of potassium feldspar or other accessory phases.
This model has been suggested for the early formation of
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disordered illite-smectite during illitization (Inoue and oth-
ers, 1987; Whitney and Northrop, 1988).

Two models rely on the complete dissolution of smec-
tite layers as illitization proceeds. The neoformation and
crystal growth model proposes that decreased expandability
of illite-smectite results from the dissolution of thin unstable
smectite crystallites and the subsequent crystallization of
thin illite crystallites, which themselves dissolve and grow
into larger illite crystals. An increase in particle thickness
(more 2:1 layers in each crystallite; Eberl and Srodon. 1988)
and lateral dimensions (each 2:1 layer growing in the a and
b crystallographic directions; Inoue and others, 1988) of
illite-smectite suggests that illite recrystallization occurs by
an Ostwald ripening process in which small illite particles
dissolve and nourish the growth of larger illite particles.
Nadeau and others (1984) showed that large illite-smectite
particles grow larger at the expense of dissolving smaller
particles. Similarly, the smectite cannibalization model pro-
poses that dissolution of the smectite layers provides all of
the aluminum needed for the reaction to proceed; no external
source of aluminum is needed because aluminum is con-
served (Boles and Franks, 1979; Pollastro, 1985).

In the interlayer dissolution model, parts of adjacent
smectite 2:1 layers dissolve and recrystallize around the
interlayer space as an illite layer, and the remaining parts of
the smectite 2:1 layers are unaffected (Altaner, 1989;
Altaner and Ylagan, 1993). Transmission electron micros-
copy (TEM) studies (Ahn and Peacor, 1986) suggest that
illite-smectite can be thought of as a stack of high-charge
(illite) and low-charge (smectite) interlayers such that an
individual 2:1 layer can have a high-charge tetrahedral sheet
on one side and a low-charge tetrahedral sheet on the other.
This model, in essence, proposes the dissolution of the
low-charge half of the 2:1 layer and reprecipitation of a
high-charge tetrahedral sheet. Research by Drits (1987)
demonstrates that the reaction of smectite to illite is accom-
panied by redistribution of octahedral cations, as well as by
an increase in tetrahedral charge. Thus, if the interlayer dis-
solution model operates, the octahedral sheet must also be
affected.

Although the reaction is written as if illite and smectite
are in chemical equilibrium, the reaction is, for all practical
purposes, irreversible. Because the reaction is believed to be
controlled by reaction kinetics, both the maximum tempera-
ture and the duration of the heating event play crucial roles
in extent of illitization (Ramseyer and Boles, 1986). Velde
and Vasseur (1992) contended that the duration of heating is
more important than maximum temperature in determining
the reaction extent for burial lasting millions to tens of mil-
lions of years; however, for short time spans, the effects of
maximum temperature on the illitization reaction is uncer-
tain. Velde and Lanson (1993) believed that in the Salton Sea
area temperature was the most important variable controlling

extent of illitization over time spans of 10%-10° years,
although they concluded that in the Paris Basin short-lived
heating due to an intrusion had little effect on the progress of
the illitization reaction.

MINERALOGY OF ILLITE-SMECTITE

Ilite-smectite is composed of illite layers and smectite
layers stacked together either randomly or regularly along
the c-axis (Reynolds, 1980). As the illitization reaction pro-
ceeds, the expandability (percentage of smectite layers) in
the illite-smectite decreases, and the arrangement of the lay-
ers exhibits increasing regularity in stacking order. In our
study we used the Reichweite (or “reach back™) terminology
consistent with the method of expandability determinations
(Srodon, 1980). During the early stages of illitization the few
illite layers (I) formed are distributed randomly within a
stack of the smectite layers (S). This disordered stacking is
referred to as R=0 and is seen in samples containing less than
60 percent illite layers. As illitization proceeds to about 60
percent illite layers, the random arrangement between the
illite and smectite layers is lost, and each smectite layer is
separated by one illite layer. The pertfect alternation between
illite layers and smectite layers (ISISIS) is expressed as R=1
ordering. The mineral rectorite, in which each smectite layer
is separated by an illite layer, is an example of R=1 ordering.
R=1 ordering can persist through continued illitization until
about 80-85 percent illite (15-20 percent expandable). As
illitization continues beyond about 80 percent illite layers,
each smectite layer is separated by three illite layers (ISIIISI-
IISII), which is expressed as R=3 ordering. In summary, as
illitization proceeds the percentage of illite layers increases
and ordering increases from random stacking (R=0), to
short-range ordered stacking (R=1), to long-range ordered
stacking (R=3). In the present study, the term “‘percent illite”
refers only to the percent illite in mixed-layer illite-smectite
(100 percent-percent smectite), not to the percentage of dis-
crete illite in the clay-size fraction, and the term “percent
expandable” refers to the percentage of smectite layers in
illite-smectite.

ILLITIZATION IN CONTACT METAMORPHIC
ENVIRONMENTS

The illitization reaction has been previously docu-
mented in contact metamorphic environments. Pytte
(1982) detailed the smectite to illite reaction in con-
tact-metamorphosed rocks of the Pierre Shale in
south-central Colorado. A pattern of decreasing expand-
ability with increasing temperature was observed in rocks
that were heated to temperatures ranging from 70°C to
250°C for durations of approximately 10 years to 300 m.y.
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Figure 3. Sample locations and distribution of rock types in cores WC-83-5, WC-83-6, and WC-83-17.

Pytte suggested that the reaction is controlled by kinetic
rather than equilibrium factors. He used measured
expandabilities in lithologically homogenous sedimentary
rocks to assign an activation energy to a sixth-order
kinetic expression for the overall illitization reaction,
first-order with respect to potassium availability and
fifth-order with respect to starting smectite concentration.
Pytte and Reynolds (1989) documented a zone of
decreased expandability extending into the country rock a
distance of approximately twice the intrusion thickness.
They used the sixth-order model to explain the illitization
process in the field and concluded that the correct kinetic
rate law is probably a chain of low-order reactions, each
having different kinetic constraints.

Buhmann (1992) identified obvious tempera-
ture-dependent trends in illite-smectite composition in the

vicinity of intrusive sills in the Karoo Basin in the Republic
of South Africa. In contrast to the almost homogeneous
Pierre Shale, Karoo Basin strata contain interbedded
sandstone, siltstone, and carbonaceous mudstone. A system-
atic decrease in the expandability in illite-smectite from 70
to 5 percent was reported in the vicinity of the sills. Near the
intrusion, where illitization proceeded to ordered phases
(R=1) of illite-smectite, correlation of illitization with
vitrinite reflectance data was relatively good. Closer to the
intrusion, higher ordering in illite-smectite (R>1) corre-
sponded to greater vitrinite reflectance values; however, far-
ther from the intrusion, correlation of illitization with
vitrinite reflectance values was poor because vitrinite reflec-
tance values increased again, and highly expandable disor-
dered illite-smectite (R=0) predominated. Buhmann was
unable to explain this discrepancy between vitrinite maturity
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Figure 4. X-ray diffraction pattern of a mixed-layer illite-smec-
tite containing 20 percent randomly interstratified illite layers. Peak
positions are labeled by d-spacing and 20 (in degrees)(CuKg, radia-
tion). Arrows indicate direction of migration of peak positions as
the percentage of illite layers increases. The difference between
these two peaks (A20) is used for determining illite-smectite ex-
pandability.

and illite-smectite immaturity. In general, the effect of igne-
ous intrusions on sedimentary rocks is primarily dependent
on the proximity and thickness of the intrusion, although the
distance over which changes can occur in illite-smectite
composition may vary considerably with vitrinite
reflectance values (Buhmann, 1992).

MATERIALS AND METHODS
SAMPLE ACQUISITION AND PREPARATION

This investigation was based on 117 sedimentary and
12 igneous rock samples collected from three cores,
WC-83-5, WC-83-6, and WC-83-17 (fig. 1), which span
49 km (30 mi) of the Puget trough near the Cascade Range.
They were collected at the Weyerhauser core storage facility
in Dupont, Washington. Samples were taken at varying
intervals from all three cores, with particular attention to the
sandstone and shale adjacent to the intrusive rocks (fig. 3).
The core closest to the Cascades, WC—-83-6, contains eight
igneous bodies (four intrusions and four flows) that have an
average thickness of 4 m (13 ft) in 235 m (771 ft) of core.
Core WC-83-6 was sampled between 372 and 609 m
(1,221-1,999 ft) depth. The second core, WC-83-5, con-
tains three flows, each about 3 m (10 ft) thick, and an igneous
intrusion at least 26 m (85 ft) thick at the bottom of the core.
This core was sampled between 158 and 608 m (517-1,995
ft) depth. In core WC-83-17, the farthest from the Cascades,
there are no intrusions between the sampled depths of 64 and
529 m (210-1,735 ft.).

Whole-rock samples were ground in a corundum
mortar and pestle to a size of 325 mesh and loaded into an

aluminum sample holder for randomly oriented powder
X-ray diffraction (XRD) analysis (Moore and Reynolds,
1989). Separation of the <1-um fraction was obtained by
coarsely grinding samples in a jaw crusher (approxi-
mately 2-mm chips), followed by ultrasonic disaggregation
and centrifugation. The <1-um size fraction was separated
at 1,000 rpm for 8.2 minutes (Jackson, 1969). Sodium
hexametaphosphate (0.1 molal solution) was used to dis-
perse flocculated samples. Oriented samples were prepared
by Millipore filtration and transferred to glass slides (Pol-
lastro, 1982). The oriented clay samples were X-rayed
both air-dried and ethylene glycol-saturated. Ethylene gly-
col solvation of the sample was achieved by exposure to
ethylene glycol vapor for at least 8 hours at 60°C.

A total of 129 samples were analyzed for clay-mineral
composition by XRD. Analyses were performed on an auto-
mated Siemens D500 diffractometer using CuK¢, radiation at
30 milliamps and 40 kV. A curved graphite crystal mono-
chrometer was used on the diffracted side of the beam path.
Routine scans were run from 2° to 50° 26, at 2 seconds per
step and 50 steps per degree. Selected samples were ana-
lyzed using much longer count times for detection and reso-
lution of minor peaks.

CLAY-MINERAL ANALYSIS

In an ethylene glycol-saturated, oriented sample, pure
(100 percent expandable) smectite is identified by a basal
(001) spacing of 17A and a regular sequence of 00/ reflec-
tions in the XRD pattern. Irregular basal 00/ reflections are
characteristic of interstratified clay minerals. Srodon (1980)
developed XRD methods for precise identification of
illite-smectite interstratification. We used the method of dif-
ferential 2-theta (A26) to estimate expandability of the
illite-smectite. In this method the precise measurement
between the illite-smectite 001/002 peak (near 9°-10° 26)
and 002/003 peak (near 17° 20) is used to estimate the
expandability of a given illite-smectite phase. (By conven-
tion the illite-smectite 001/002 peak refers to the
mixed-layer composite peak; for example, the 002 reflection
of smectite migrates toward the 001 peak of illite as illitiza-
tion proceeds.) Figure 4 shows the peak positions and A26
measurements on an XRD pattern. Estimating the expand-
ability using the A26 method has many advantages over sin-
gle-peak position estimations. Because it is a differential
measurement, it is relatively insensitive to goniometer align-
ment and sample placement problems (Moore and Reynolds,
1989). Expandability estimations are also enhanced because
these two peaks shift in different directions as illite compo-
sition changes.

The measured expandability of illite-smectite includes
analytical error from domain size effects (Srodon, 1980),
generally on the order of 5 percent but sometimes as high
as 30 percent, for the method used for this study. In addi-
tion to analytical error, precise determination of the peak
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positions needed to measure expandability (with 28 peaks
near 10° and 17°) is affected by large amounts of discrete
illite with peaks at 8.9° and 17.8°. When a large amount
of discrete illite is present, the illite-smectite peaks appear
as shoulders on the larger illite peaks.

One-dimensional XRD patterns were calculated for
several expandabilities as an independent verification of
expandabilities estimated with the A26 method. Several
calculated patterns were generated for specified expand-
abilities and then compared to actual data. All calculated
XRD patterns were modeled using the commercially avail-
able program NEWMOD (Reynolds, 1985).

Relative abundances of kaolinite and chlorite as a
function of depth were calculated as ratios from the inten-
sity of their respective peaks. Percentages were calculated
by dividing the intensity of the kaolinite or chlorite XRD
peak against the combined intensity for both minerals. The
002 peak of kaolinite and the 004 peak of chlorite, both
of which are near 25° 26, were measured on oriented
mounts. Although this provides only a gross semiquantita-
tive measure of abundance, it does provides a means of
detecting changes in relative abundance of the two miner-
als with depth. The rank of clay-mineral abundances
given in tables 1, 2, and 3 was based on gross peak inten-
sities in oriented mounts of the <1-um size fraction.

X-RAY FLUORESCENCE SPECTROMETRY

Major-element chemical analysis was performed on
all igneous rocks for purposes of classification and on
selected sedimentary rocks in an attempt to detect metaso-
matism. Chemical analyses were carried out on an ARL
Model 8420+ wavelength-dispersive X-ray fluorescence
spectrometer. Samples were prepared as fused glass
beads, using a method modified from Tertian and Claisse
(1982). Finely ground samples were mixed with lithium
tetraborate in a flux to sample ratio of 10:1. The mixture
was fused over a gas flame at 1,200°C for 30 minutes,
then poured into a 50-mm mold and slowly cooled for
several hours. Samples were analyzed for silicon, alumi-
num, phosphorus, potassium, calcium, magnesium,
sodium, titanium, manganese, and iron (total iron as
Fe,03) using conventional crystal and detector combina-
tions. Each analysis consisted of averaging five repetitive
counts of 10 seconds for each element. Loss on ignition
was determined by heating samples to 900°C prior to glass
bead preparation and measuring weight loss.

SCANNING ELECTRON MICROSCOPY

Clay textures and the paragenetic relationships among
the clay minerals were examined using a Cambridge
Stereoscan electron microscope at 20 kV accelerating
voltage, with a LaBg crystal, operating at 3.1 nanoamps.
Small chips (5-10 mm) were mounted on aluminum sam-

ple holders with epoxy and allowed to dry thoroughly.
Samples were then sputter coated with gold for 2-4 min-
utes. Qualitative spot chemical analyses were obtained
using a Tracor Northern 5500 energy-dispersive X-ray
spectrometer.

PETROGRAPHIC THIN-SECTION
EXAMINATION

Conventional thin sections of the sedimentary rocks
were prepared using blue-epoxy impregnation for porosity
determination and potassium feldspar stain. Point-count
analysis (350 points minimum) of sedimentary rocks was
used to identify and quantify any postdepositional authi-
genic phase that replaced detrital grains or pore space.
Thin sections from all of the igneous bodies (prepared
without feldspar stain) were inspected to determine (1) if
they are intrusive or extrusive and (2) a reasonable intru-
sion temperature. Due to the very fine grained nature of
the groundmass (and extensive alteration), classification
of igneous rocks based on mineral abundances in thin sec-
tions could not be determined. Classification was based
on major-element chemical analysis as proposed by
LeBas and others (1986) for volcanic rocks.

VITRINITE REFLECTANCE

Vitrinite, a maceral derived from woody plant mate-
rial, is common in coal and carbonaceous shale. Vitrinite
reflectance is a measurement of the proportion of light
reflected from a polished vitrinite grain. It is related to
the degree of metamorphism of the vitrinite grain and can
be directly converted to coal rank and petroleum genera-
tion.

One coal sample from core WC-83-6, three coal
samples from core WC-83-17, and four coal samples
from core WC-83-5 were prepared by crushing, mount-
ing in epoxy on a microscope slide, planing off when
hardened, and polishing. The mean vitrinite reflectance
from randomly oriented indigenous vitrinite grains was
determined using plane-polarized incident white light and
a 546-nm monochromatic filter, in immersion oil, on a
reflected light microscope with a nonrotating stage. Sev-
eral measurements were made for each sample. The data
were plotted on histograms for interpretation (but not
included in this study).

RESULTS

PETROGRAPHY OF IGNEOUS ROCKS

The igneous rocks in the cores are composed pre-
dominantly of plagioclase feldspar that ranges in



THERMAL EFFECTS OF INTRUSIONS ON DIAGENETIC REACTIONS C9

composition from 45 to 65 percent anorthite (based on
extinction angles and XRD). The larger phenocrysts of
feldspar  usually  exhibit compositional  zoning.
Clinopyroxene and biotite are present in most samples in
relatively low abundances.

Detailed mineralogical analysis of the igneous rocks
in thin section was complicated by the presence of
fine-grained matrix and abundant alteration. Two basic
textures were used to separate rocks on the basis of intru-
sive or extrusive origin. Intrusive textures include fine- to
medium-grained euhedral interlocking crystals. Extrusive
textures include very few, fine-grained phenocrysts in a
glassy devitrified matrix.

Alteration of the igneous rocks is pervasive in all but
the largest intrusions. Carbonate and opaque oxide miner-
als replace phenocrysts and matrix. Chlorite replaces
biotite in most samples, and chlorite replaces clinopyrox-
ene in the most highly altered samples.

Precise petrographic identification of mineralogy
was impossible because of the fine-grained nature of the
intrusive rocks and the pervasive alteration. Classifica-
tion, therefore, was based on chemical analyses (fig. 5).
Although the pervasive alteration must have also had
some affect on the chemical composition of these rocks
(especially loss of the alkali metals), the chemical analy-
ses provided a much more consistent classification than
did petrographic identification. Based on total alkalis and
silica content, a basaltic composition is indicated. Basal-
tic rocks can have intrusion temperatures as high as
1,200°C (Best, 1982). Figure 6 and appendix table 2 indi-
cate that the igneous rocks are either intrusive (sills) or
extrusive (flows).

DIAGENESIS OF SEDIMENTARY ROCKS

Figure 7 shows the relationship between the percent-
ages of replacement and authigenic minerals and proxim-
ity to the intrusive body for samples 60 through 65 from
core WC-83-6. These samples were taken from a single
continous sandstone bed adjacent to an intrusion to mini-
mize differences in facies, detrital mineralogy, porosity
and fluid chemistry. Point-count analysis of thin sections
was used to identify and quantify any postdepositional
authigenic phase that replaced detrital grains or pore
space. Carbonate replacement of framework grains and
authigenic growth in pore spaces has occurred near the
intrusion. Authigenic carbonate increases near the intru-
sion (fig. 7), and carbonate abundance decreases sharply in
contact with the intrusion. XRD analysis failed to docu-
ment this trend because of the small percentage of carbon-
ate minerals in each sample; however, wherever
carbonate was detected in the core by XRD, the

composition of the carbonate varied considerably and
included calcite, dolomite, and siderite.

CLAY-MINERAL COMPOSITION

Sample depths, hand-specimen descriptions, and min-
eral compositions of the <1-um size fraction are presented
in tables 1, 2, and 3 for cores WC-83-6, -5, and -17,
respectively. In the cores containing igneous intrusions,
the <1-pum fraction is dominated by illite-smectite that has
variable expandability and ordering and also includes
smaller amounts of kaolinite, chlorite, and mica. (In this
study, any 10A phase is called mica; muscovite, biotite,
and sericite are present in most thin sections.) The core
containing no intrusions (WC-83-17) contains similar
clay-mineral assemblages, although the expandability of
the illite-smectite is consistently high and in most sam-
ples pure smectite is present with no interstratified illite.
Although all three cores contain a wide range of litholo-
gies, there is no apparent correlation between relative
clay-mineral abundance and lithological variables such as
rock type or grain size.

VARIATION IN ILLITE-SMECTITE
EXPANDABILITY

Of primary importance in this study is the decrease in
expandability of illite-smectite near intrusions. Figures 8
and 9 show illite-smectite expandability as a function of
depth and proximity to intrusions. Near the midpoints
between the intrusions in core WC-83-6 (fig. 8), the
illite-smectite expandability levels out at a minimum of
about 35 percent (65 percent illite in illite-smectite).
Immediately adjacent to the intrusions, the percentage of
illite in illite-smectite increases by at least 5 percent and in
some samples by as much as 25 percent. The texture of
the illite-smectite ranges from thin flakes to feathery
blades, indicative of authigenic formation (fig. 9). The
illite-smectite in core WC-83-5 is about 30 percent
expandable (70 percent illite in illite-smectite) between the
intrusions and exhibits a pronounced decrease in
expandability near the large intrusion at the base of the
sampled interval (fig. 10). Adjacent to the intrusion, only a
few smectite layers remain (98 percent illite in
illite-smectite).

In addition to increasing the percentage of illite in
illite-smectite near the intrusions, ordering of the
illite-smectite also increases in the vicinity of the intrusions.
In the few instances where large intrusions (>8 m thick) are
present, expandability is 10 percent or less, and ordering
increases to R=3. Core WC-83-17, which contains no
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modified from LeBas and others (1986).

intrusions, contains only very expandable illite-smectite:
pure smectite is present throughout most of the core,
although expandabilities decrease by 5-10 percent locally.

VARIATION IN OTHER CLAY MINERALS

Although the clay mineralogy appears to be indepen-
dent of lithology, the abundances of kaolinite and chlorite
vary with vertical distance from intrusions within each core.
Although there is a significant amount of scatter in the data,
kaolinite decreases in abundance immediately near the
intrusions (fig. 11), and chlorite increases in abundance.
Kaolinite is present primarily as replacement of feldspar,
and large authigenic kaolinite books were observed in thin
section and using scanning electron microscope (fig. 12).

Based on texture and distribution, kaolinite probably is an
alteration product that formed before the intrusive event.
Emplacement of the intrusions may have led to dissolution
of kaolinite near the intrusions.

In contrast to kaolinite, the proportion of chlorite
shows an opposite trend: chlorite increases in the vicinity
of the intrusions and decreases at increasing distances.
Both in thin section and using scanning electron micro-
scope, chlorite replaces mafic grains such as biotite. Scan-
ning electron microscopy of the chlorite shows an
authigenic texture that resembles delicate corn flakes when
replacing a biotite grain (fig. 13). The relationship between
the intrusions and chlorite and kaolinite content is not con-
sistent throughout all cores, and the distribution of chlorite
is not as well defined as that of kaolinite. Detrital mica
(muscovite and biotite) probably has a distribution similar
to that of kaolinite—most abundant away from the
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Figure 8. Observed expandability of illite-smectite (diamonds) in
relation to intrusive rocks (shaded areas), core WC-83-6.
Illite-smectite expandabilities were calculated using the A28 peak
positions described in figure 4. Vitrinite reflectance value (R, in
percent) is shown for carbonaceous material analyzed.

Table 4. Mean vitrinite reflectance values for samples from
cores WC-83-5, WC-83-6, and WC-83-17, Washington.
[Location of core holes shown in figurel]

Mean vitrinite reflectance
Core Depth (percent)
WC-83-5 548.64 m (1,800 ft) 1.69
WC-83-5 534.26 m (1,720 ft) 1.34
WC-83-5 440.74 m (1,446 ft) 1.09
WC-83-5 170.69 m (560 ft) 0.96
WC-83-6 593.75 m (1,948 ft) 0.86
WC-83-17 509 m (1,670 ft) 0.35
WC-83-17 438.91 m (1,440 ft) 0.38
WC-83-17 273.41 m (897 ft) 0.25

Jaeger (1964) reduced the triple integral of heating by
diffusion to the more manageable one-dimensional form,

where

¢(e,1)=

T =T,l6(e,D)],

%(erfe+1

—e rfe_—l
247 2%

Equations 1 and 2 can be combined to calculate the tem-
perature at a specified distance from an intrusive sheet under
deep cover,

)

8]

2
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Table 5. Mathematical relationships for heat-flow calculations.

T = Time-dependent temperature at any given point.
T,= Initial temperature of magma.

k= Thermal diffusivity of country rock. Values for
sedimentary rocks range from 0.004 to 0.012 cm?/sec and
for igneous rocks from 0.004 to 0.012 cm%sec; this study
assumes 0.01 cm?/sec.

d = Half-thickness of the intrusion.

t= Time since intrusion.

x = Distance from midplane of intrusion.

1= Dimensionless time, where
kt

T= —
d2

Proportional distance from the intrusion, where

x
&= 2

Distance between the midplanes of the two intrusions.

e+1

T_ = Mol el
T—O— ¢(g,1)= 2(erf2ﬁ er, Zﬁ)

The temperature at a point x between two intrusive bod-
ies is simply the combined effect of the two heat sources,

3

T
T_0= ¢(81, Tl) +¢(82, Tz) » €]
where (€1,T1) are dimensions and conductivities of the first
sheet, (€5,T,) are those of the second, and (d5) is the thickness
of the second, defined as follows:

e,= (I-x)/d, (5)
T, = 5 (©6)
d2

Using the estimations or measurements for the vari-
ables listed in table 6, the time-dependent temperature (7)
can be calculated for a specified distance or range of dis-
tances from the intrusion.

Uncertainty in the original temperature of the intrusion
is potentially a source of error. The crystallization of miner-
als from a magma is an exothermic reaction releasing sig-
nificant quantities of heat (Jaeger, 1964). This latent heat of
crystallization increases the heat flow from the intrusions
above that expected for an intrusion undergoing simple
cooling without crystallization. The thermal effects of the
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expressed in terms of a single simplified kinetic expression
using a single activation energy and a single pre-exponential
function.

For example, the reaction of smectite to illite, expressed
as a first-order reaction, would obey the equation,

B ks, )
where
S, = Initial percentage of smectite layers
k = First-order rate constant (reciprocal units of
time)
t = Time
dS = Incremental change in smectite content
dt = Incremental change in time.

The effect of temperature on the rate constant (k) is
expressed in the Arrhenius equation,

v
k= Ae X7 (8)

where
A = Pre-exponential function (reciprocal units of
time}, also called the frequency factor
U= Activation energy (kJ/mole)
R = Gas constant = 1.987 cal/K mol or 8.314 J/K mol
T = Temperature (Kelvin).
The Arrhenius equation may be substituted into the
first-order rate law,

U
ds "RT
—E— Ser (9)

Equation 9 relates the progress of a reaction, with
respect to time, at a given temperature. In this case dS/dr is
the change in the number of smectite layers in illite-smectite
for a given change in time.

This rather simplistic treatment of illitization reaction
kinetics is complicated by the fact that a number of research-
ers have proposed widely divergent values for reaction
order, activation energy, and pre-exponential function (table
7). These differences arise from the fact that the reaction
involves a chemically diverse and imperfectly characterized
group of minerals reacting under a variety of tempera-
ture-time-chemistry conditions.

FACTORS AFFECTING ILLITIZATION
REACTION RATES

In general, fluid-rock interactions affect chemical and
mineralogical reactions in country rock near intrusions (Ker-
rick, 1991). Within such an alteration zone, the availability
of potassium and chemistry of the fluids can profoundly
affect the rate and extent of illitization (Eberl and Hower,
1977; Roberson and Lahann, 1981; Whitney, 1992). Huang
and others (1993) suggested that, although magnesium

significantly retards the illitization reaction rate, calcium
may not retard the reaction rate as much as previously
thought, and sodium retards the reaction rate only in high
concentrations. Additionally, the chemical composition of
the starting smectite affects illitization reaction rates because
in hydrothermal environments trioctahedral (magne-
sium-rich) smectite and iron-rich smectite react to illite
much more slowly then does dioctahedral aluminous smec-
tite (Eber] and others, 1978; Whitney, 1983; Chang and oth-
ers, 1986; Couto Anjos, 1986). The activity of water in the
system is also an important factor in illitization (Whitney,
1990). In fluid-deficient systems (where pore spaces are not
saturated), the rate and extent of illitization may be signifi-
cantly inhibited. Even differences in texture may affect the
illitization reaction (Whitney and Velde, 1993). In compari-
son of massive and laminated shales, Howard (1987) docu-
mented increased illitization in laminated shale that he
interpreted to be a result of the laminations acting as fluid
conduits.

Thus, the lithology, chemical composition, and texture
of the rocks into which igneous sills are intruded can influ-
ence solution chemistry, water availability, and starting min-
eralogy, and these variables in turn affect illitization rates
and contribute to scatter in the observed data. The
lithological inhomogeneity of the rocks in this study results
from varying sedimentary facies associated with the
fluvial-deltaic depositional environment. In this setting,
small-scale variations in bulk chemistry, potassium avail-
ability, organic matter, and fluid flow are expected. Each of
these small-scale variations can locally affect the illitization
reaction rate and contribute to the observed scatter in the
data. Despite these uncertainties, it is possible to model the
extent of the illitization reaction in response to heating
caused by an igneous intrusion in order to test whether the
heat from the intrusions accounts for the patterns of illitiza-
tion observed in the core.

CALCULATIONS OF THE EXTENT OF THE
ILLITIZATION REACTION

As mentioned above, different researchers have
reached different conclusions regarding the reaction kinetics
of the illitization reaction. Table 7 shows the range of values
for the kinetic expressions for the illitization reaction pro-
posed by different authors. Some workers believe that the
overall reaction of smectite to illite obeys a first-order rate
law with respect to the expandability (percent smectite lay-
ers) of the illite-smectite (Eberl and Hower, 1976; McCub-
bin and Patton, 1981), whereas other researchers have
suggested a higher order rate law for the reaction (Pytte,
1982; Whitney and Northrop, 1988; Huang, 1992). The
kinetic formulation for illitization used in the present study
is based on reaction rates calculated from burial in natural
sedimentary basins by Velde and Vasseur (1992). Velde and
Vasseur’s model uses sequential first-order kinetic formula-
tions that divide the reaction into two stages, the first stage
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Table 7. Published kinetic values used in the Arrhenius equation for activation energy and pre-exponential function during illitization.

[Arrhenius equation is given in text]

Researcher Activation energy U (kJ/mol) Setting Reaction order Pre-exponential function)
Velde and Vasseur (1992) R0=69.7 Burial 1 RO=e2!-5/Ma
R1=37.4 1 Rl=¢’%/Ma

Eberl and Hower (1976) 82 Laboratory 1 e!l-8/day

Howard and Roy (1985) 12.5-14.5 Laboratory 1 elt8/day

Pytte (1982) 138 Contact metamorphism 6 e¥/second

Huang and others (1991, 1993) 117.2 Laboratory 3 e!13/second
Roberson and Lahann (1981) 125.6 Laboratory 1 ¢225/day

involving the formation of disordered R=0 illite-smectite
and the second stage the formation of ordered R=1
illite-smectite. The two-stage reaction is based on an empir-
ical analysis of illitization in several basins having different
ages, rates of subsidence, and geothermal gradients. This
two-stage kinetic model gives a relatively good estimation of
illite-smectite expandability for a wide variety of sedimen-
tary conditions. Separate rate constants are provided for each
stage of the sequential formation of the R=0 and R=1 phases,
which combine to produce the total reaction extent. Using
this kinetic approach, the final expandability can be calcu-
lated based on specific time (age) and temperature (maxi-
mum depth of burial and the geothermal gradient)
conditions.

We attempted to simulate the observed illitization reac-
tion profiles in the intruded sedimentary rocks by combining
the thermal profiles calculated using the equations of Jaeger
(1964) and the kinetic expressions developed by Velde and
Vasseur (1992). As a first attempt, the calculations were
made using only heat from the intrusions and no other heat
sources. Assuming pure smectite as a starting material,
kinetic variables (activation energy and pre-exponential
function) can be selected such that the calculated illitization
matches the measured maximum illitization adjacent to the
intrusions but does not accurately simulate the expandability
of illite-smectite farther away from the intrusions; even at
small distances from the intrusions the reaction would not
proceed at all (no illite in illite-smectite) (fig. 184). Con-
versely, if kinetic variables are selected that match the
observed illitization midway between the intrusions, the
reaction would proceed to completion in huge haloes extend-
ing far from the intrusions (100 percent illite in illite-smec-
tite) (fig. 18B). The only way to make the calculated reaction
extent profiles match the observed data exactly, using only
heat from the intrusions, is to choose unique activation ener-
gies and pre-exponential functions for each sample, which is
chemically unreasonable.

A geologically more reasonable approach to matching
the observed expandability profile is to assume a starting
mineralogy consisting of illite-smectite containing about
50-70 percent illite layers. There are two possible ways to

get this starting material: (1) detrital illite-smectite may have
been initially 50-70 percent illite in illite-smectite, or (2) the
starting material was initially 100 percent expandable, and
another source of heat (burial diagenesis?) drove the illitiza-
tion reaction to about 50-70 percent illite prior to emplace-
ment of the intrusions. Scanning electron microscopy of
samples far away from the intrusions shows delicate
illite-smectite textures that indicate authigenic formation,
not detrital deposition (fig. 9). This textural evidence sug-
gests that the sediments were affected by heating due to
burial in addition to heating by the intercalation of the intru-
sions. Thus, to model realistically the combined extent of
illitization in the basin, an estimate of illitization caused by
burial must be included.

The extent of illitization produced by burial can be cal-
culated using estimated depths of burial and geothermal gra-
dients. Stratigraphic reconstruction of measured field
sections suggests a minimum depth of burial of 3 km (Fisher,
1957). A slightly elevated geothermal gradient of about
35°C/km is based on organic thermal maturity profiles
(Walsh and Lingley, 1991). The extent of the illitization
reaction produced by heat derived from burial constitutes a
baseline for calculating the extent of the reaction resulting
from heating by the intrusions. The straight lines in figures
19-22 reflect the calculated extent of illitization in core
WC-83-6, based on 3.3 km of burial and a geothermal gra-
dient of 35°C/km. The straight lines in figures 23-30 show
the calculated extent of illitization in core WC—83-35, based
on a similar geothermal gradient and slightly deeper (4.1 km)
burial. All estimates of burial diagenesis assume a
depositional age of 40 million years for these Eocene sedi-
mentary rocks. Calculations used to estimate the expected
extent of illitization resulting from burial are based on pub-
lished values of rate parameters for burial environments
(Velde and Vasseur, 1992). The first stage of the reaction
(R=0) is modeled using an activation energy of 69.7 kJ/mol
and a pre-exponential factor of e21-3/Ma. The second stage of
the reaction (R=1) is modeled using an activation energy of
37.4 kJ/mol and a pre-exponential factor of e’-2/Ma.

The increase in illitization caused by heat from intru-
sion was estimated using the temperature-time distributions
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